OBJECTIVE -To determine the prospective association between endogenous sex hormones and the development of type 2 diabetes in older men and women.
B
oth human (1-9) and animal studies (10,11) show differences by sex in the effects of endogenous sex hormones on insulin resistance. In men, low plasma testosterone is associated with obesity, upper body fat distribution, and increased levels of glucose and insulin (1-3), whereas hyperandrogenicity is associated with an increased risk for type 2 diabetes and cardiovascular disease in women (3-9). Most of these studies were cross-sectional.
Sex hormone-binding globulin (SHBG) is an indirect measure of androgenicity, because its concentration is mainly determined by free estrogen and testosterone (4,7-9,12,13). Several prospective studies show that low levels of testosterone and SHBG predict the development of type 2 diabetes in middle-aged (14, 15) and elderly (16) men. One crosssectional study shows that women with type 2 diabetes have high levels of free testosterone and low levels of SHBG (17) . Low levels of SHBG alone did not significantly predict incident type 2 diabetes in middle-aged men (18) ; in contrast, low levels of SHBG alone predicted the development of type 2 diabetes in women (18, 19) . To our knowledge, there are no large prospective, population-based studies of total and bioavailable (non-SHBG bound) sex hormones as predictors of incident insulin resistance or type 2 diabetes in both men and women.
We previously reported a significant cross-sectional association between type 2 diabetes and lower total testosterone in men and higher bioavailable testosterone in women, measured by bioavailable (non-SHBG bound) sex hormones in Rancho Bernardo Study participants (20) . The present study was designed to determine whether sex hormones predict future type 2 diabetes and whether the direction of the association is similar in men and women.
RESEARCH DESIGN AND METHODS -Between 1984 and
1987, 82% of surviving residents (1,094 men and 1,385 women) of a southern California residential community participated in the Rancho Bernardo Heart and Chronic Disease Study (21) . A total of 9 men and 295 women who were Ͼ55 years of age and had no diabetes were taking exogenous sex hormones. After excluding them, 687 men and 589 women were enrolled in the baseline study. During the next 8 years, 42% of men and 37% of women who participated in the baseline examination died before a follow-up
visit. Among survivors who were ambulatory and living locally, 74% (n ϭ 294) of men and 62% (n ϭ 233) of women participated in a follow-up visit (1992) (1993) (1994) (1995) (1996) ; these individuals form the basis of this report.
A 75-g oral glucose tolerance test was performed in the morning after a 12-h fast. Fasting and postchallenge plasma glucose levels were measured by glucose oxidase assay. Fasting and postchallenge plasma insulin levels were determined by double-antibody radioimmunoassay (22) .
Fasting insulin was used as a surrogate for insulin resistance. Fasting insulin levels were highly correlated with hyperinsulinemic euglycemic clamp results in persons without diabetes (23) . Insulin resistance assessed by homeostasis model assessment for insulin resistance (HOMA-IR), a reliable marker for insulin resistance in large-scale epidemiological studies (24) , was calculated as {fasting glucose (mmol/l) ϫ fasting insulin (U/ ml)}/22.5 (25) . HOMA-IR and fasting insulin were highly correlated in both sexes in the present study (r ϭ 0.98, P Ͻ 0.0001).
Height, weight, waist girth, and hip girth were measured with subjects in light-weight clothing without shoes. BMI was calculated as weight (kg)/height (m) 2 . Personal history of hypertension, diabetes, current cigarette smoking, daily alcohol consumption, regular exercise (Ն3 times/week), and use of exogenous sex hormones were determined by standardized questionnaire and interview. Diagnosis of type 2 diabetes, impaired fasting glucose, and impaired glucose tolerance were based on World Health Organization criteria (26) .
Informed consent was obtained from all subjects, and potential risks of the study were explained. The study was approved by the institutional review board of University of California, San Diego.
Between 1992 and 1993, hormones were measured in an endocrinology research laboratory by radioimmunoassay using first-thawed specimens from the 1984 -1987 venipuncture. Bioavailable testosterone and bioavailable estradiol were determined using a modification of the ammonium-sulfate precipitation method of Tremblay and Dube (27) . The sensitivity and intra-and interassay coefficients of variation for men and women were the same as previously reported (20) . A total of 30 women in whom total estradiol levels were below the limit of detection were included in the analyses; undetectable hormone levels were assigned the smallest detectable level.
Data were analyzed using SAS version 8.1 statistical software (SAS Institute, Cary, NC). Because fasting and postchallenge insulin, HOMA-IR, and sex hormones (women) showed slightly skewed distributions, analyses were performed using log-transformed data. Although mean values are shown for untransformed data, all P values are based on logtransformed data.
Unadjusted associations between potential predictors and incident diabetes were evaluated using Student's t test and 2 test. Age-adjusted partial correlation coefficients were used to study associations between sex hormones and insulin resistance or type 2 diabetes. Multiple linear regression analyses were used to determine the independent association between sex hormones and insulin resistance. Persons with incident diabetes were excluded from this analysis because fasting insulin is a more valid marker for insulin resistance in persons without diabetes (23) . Baseline age, BMI, systolic blood pressure, and HOMA-IR were evaluated as covariates, as well as smoking, alcohol, and exercise. Multiple logistic regression analyses were used to assess the independent contribution of sex hormones to incident type 2 diabetes. Baseline age, BMI, and systolic blood pressure were included in this model . For logistic regression models, sex hormones were analyzed as the lowest quartile (Ͻ8.6 nmol/l for total testosterone, Ͻ3.0 nmol/l for bioavailable testosterone, Ͻ58.7 pmol/l for total estradiol, Ͻ40.4 pmol/l for bioavailable estradiol) versus the top three quartiles in men, and highest quar- tile (Ն0.7 nmol/l for total testosterone, Ն0.21 nmol/l for bioavailable testosterone, Ն25.7 pmol/l for total estradiol, and Ն14.7 pmol/l for bioavailable estradiol) versus the bottom three quartiles in women. All P values were two-tailed, and statistical significance was defined as P Ͻ 0.05.
RESULTS -Between baseline and follow-up, type 2 diabetes developed in 26 men (8.8%) and 17 women (7.3%). Mean (range) levels of total and bioavailable testosterone were 10.9 (0.63-20.2) and 3.7 nmol (0.05-7.2) in men, and 0.59 (0.04 -3.23) and 0.16 nmol/l (0.01-0.96) in women; total and bioavailable estradiol were 74.7 (18.4 -190.9 ) and 49.9 pmol/l (3.7-106.5) in men and 21.72 (7.3-135.8) and 11.1 pmol/l (0.7-51.4) in women.
Baseline fasting and postchallenge glucose were significantly higher in men (P Ͻ 0.001) and women (P Ͻ 0.01) with incident diabetes compared with persons without incident diabetes; postchallenge insulin was significantly higher in men with incident diabetes (P Ͻ 0.001). No differences were observed for age, BMI, waist girth, waist-to-hip ratio, fasting insulin, HDL cholesterol, triglycerides, HOMA-IR, smoking, alcohol, and exercise (Table 1) . Table 2 presents age-adjusted partial correlation coefficients for sex hormones with baseline and follow-up clinical data in men. Total and bioavailable testosterone were inversely correlated with baseline BMI and waist girth. Total testosterone was inversely associated with baseline waist-to-hip ratio and triglycerides, baseline and follow-up levels of fasting and postchallenge glucose and insulin, and HOMA-IR. Total testosterone was positively correlated with baseline HDL cholesterol.
In women, total and bioavailable estradiol were positively correlated with baseline BMI, waist girth, and triglyceride level. Bioavailable testosterone was positively correlated with baseline BMI, waist girth, diastolic blood pressure, and postchallenge insulin level. Total testosterone was positively correlated with baseline HDL cholesterol. Bioavailable estradiol and bioavailable testosterone were positively correlated with baseline fasting glucose and with follow-up fasting insulin and HOMA-IR (Table 3) .
The association of baseline sex hormones and the development of insulin resistance assessed by follow-up HOMA-IR in persons without incident diabetes is shown in Table 4 : model 1 adjusted for baseline age; model 2 adjusted for baseline age, BMI, systolic blood pressure, and HOMA-IR; and model 3 adjusted for these covariates in addition to smoking, alcohol, and exercise. In men, lower total testosterone levels predicted increased 
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DIABETES CARE, VOLUME 25, NUMBER 1, JANUARY 2002levels of follow-up HOMA-IR (P Ͻ 0.05) in all models. In women, higher levels of bioavailable testosterone predicted increased levels of follow-up HOMA-IR (P Ͻ 0.05) in all models. Increased levels of bioavailable estradiol predicted increased levels of follow-up HOMA-IR after adjustment for baseline age, BMI, systolic blood pressure, and HOMA-IR (P Ͻ 0.05). After additional adjustment for lifestyle variables, bioavailable estradiol had a borderline significance (P ϭ 0.055). When analyses were repeated with follow-up fasting insulin instead of HOMA-IR, results were unchanged in men and women (data not shown). Multiple logistic regression analyses for predicting incident diabetes are shown in Fig. 1 . After controlling for baseline age, BMI, and systolic blood pressure, low levels of total testosterone predicted incident diabetes in men (odds ratio [OR] 2.7, 95% CI 1.1-6.6, P ϭ 0.03). In women, increased levels of bioavailable testosterone predicted incident diabetes after adjusting for baseline age, BMI, and systolic blood pressure (OR 2.9, 95% CI 1.1-8.4, P ϭ 0.04). When we adjusted for waist circumference instead of BMI, the results were the same in men and women. Between baseline and follow-up, 2 men and 35 women began taking exogenous sex hormones. After excluding these persons, the results did not differ for either men or women (data not shown).
In men, incidence of diabetes was significantly higher in the lowest quartile for total testosterone than in the second and the third quartiles or than in all three of the higher quartiles combined (15.4 vs. 5.6 and 5.5 or 6.7%, P Ͻ 0.05); in women, incidence of diabetes was significantly higher in the highest quartile for bioavailable testosterone than in the second and the third quartiles or than in all three of the lower quartiles combined (14.6 vs. 3.5 and 3.7 or 5.0%, P Ͻ 0.05; data not shown).
CONCLUSIONS -In this prospective study, low levels of total testosterone in men and high levels of bioavailable testosterone in women predicted the development of type 2 diabetes. This finding is in agreement with our previous crosssectional study, which found that men with impaired glucose tolerance had significantly lower levels of total testosterone, and women with impaired glucose tolerance or type 2 diabetes had significantly higher levels of bioavailable testosterone and total and bioavailable estradiol compared with those with normal glucose tolerance (20) . Both studies were restricted to individuals Ͼ55 years of age who were not taking exogenous hormones. The present study excluded individuals with diabetes (by history or oral glucose tolerance test criteria) at baseline to evaluate incident (new) diabetes. Hyperandrogenicity is associated with insulin resistance in women with polycystic ovary disease (28, 29) ; it also decreases insulin sensitivity via an effect on the muscle glycogen synthase system in female rats (10, 30) . In men, the relation between testosterone and insulin sensitivity is more complicated. Castrated male rats showed increased insulin resistance, which was improved by low-dose testosterone replacement. However, treatment with high-dose testosterone worsened insulin resistance (11) . This sexual dimorphism of testosterone on insulin resistance may be due to a plateau effect, in which variations in testosterone levels may contribute to insulin resistance in women whose androgenic activity is normally low but not in men who are already maximally androgenized. However, the biologic mechanism of the testosteroneinsulin resistance association is uncertain.
Decline in both testicular and adrenal function with aging causes a decrease in androgen concentration in men (31) . Testosterone levels are not much different before and after menopause in women (32) .
A cross-sectional association between both hyperandrogenemia and hyperestrogenemia and type 2 diabetes was reported in postmenopausal women (33). The present study showed an association between higher levels of estrogen and subsequent development of insulin resistance in women. The main source of estrogen in postmenopausal women is aromatization of plasma androstenedione to estrone; estradiol is produced by interconversion of estrone and the aromatization of testosterone (34 -36) . Therefore, higher estrogen levels could result from the effects of higher androgen levels.
Total and bioavailable estradiol levels were relatively low in the present study, compared with other reports (17, (37) (38) (39) , possibly due to a more sensitive assay method (27) . In addition, women had much lower values of estradiol compared with men. Older men have fourfold higher levels of estradiol than older women, due to higher testosterone and dehydroepiandrosterone levels for peripheral aromatization to estradiol (40) .
The association between sex hormones and incident diabetes persisted after adjustment for baseline systolic blood pressure, although systolic blood pressure predicted incident type 2 diabetes in men (OR 1.3, 95% CI 1.1-1.6; data not shown). Hypertension is a major risk factor for type 2 diabetes (41) , and isolated systolic hypertension was more strongly associated with abnormal glucose tolerance than diastolic hypertension in these older adults (42) . No association was observed between BMI and incident diabetes in this older population of generally nonobese adults.
This study is limited by the use of a single hormone measurement. Testosterone, however, shows a high intraclass correlation, suggesting that a single measure reliably characterizes an individual (43) . Although estradiol has wide intraindividual variation, such that a single assay characterizes an individual poorly (43, 44) , the present and previous studies (20) of this cohort found the expected associations between estradiol and measures of body fat, body fat distribution, and physical activity. Some investigators have remarked on the limited sensitivity of the estrogen assays, but only 13% of women (30 of 233) in this cohort had estradiol levels below the assay level of sensitivity, and exclusion of these women did not alter the results.
Nonresponse bias is common in studies of elderly persons. Approximately 42% of men and 37% of women who participated in the baseline examination died before the follow-up visit. Decedents were significantly older than persons who underwent both examinations, but their sex hormone levels did not differ significantly. Survivors who were eligible for follow-up and did not participate in the follow-up visit were also significantly older than respondents; again, their sex hormone levels did not differ significantly from those seen at the follow-up visit.
In conclusion, we observed differences by sex in the effects of endogenous sex hormones and deteriorating metabolic status. Low levels of total testosterone in older men and high levels of bioavailable testosterone in older women predicted the development of type 2 diabetes prospectively. In addition, low levels of total testosterone in men and high levels of bioavailable testosterone and estradiol in women were associated with the development of insulin resistance.
